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ABSTRACT. Knowledge of agro-morphological and genetic variability 
of germplasm diversity is a prerequisite for its use in breeding. The aim 
of this study was to characterize the genetic diversity of the manioc 
(Manihot esculenta) Active Germplasm Bank (AGB) at Embrapa 
Amazônia Ocidental using microsatellite markers. We evaluated 470 
accessions collected along five of the main rivers of the Amazon 
basin: Solimões, Purus, Madeira, Negro, and Amazon. The ten SSR 
loci used showed high levels of genetic diversity, the polymorphism 
information content ranged from 0.35 to 0.84, and the mean number 
of alleles per locus was 11.3. Accessions from the Madeira River had 
a higher Shannon index (1.52), as well as the largest number of private 
alleles (19). Bayesian inference of genetic structure implemented in the 
Structure software suggested the existence of two groups of accessions 
without clear association with river basins. The accumulated variation 
in the first two axes of the principal coordinate analysis revealed low 
genetic divergence between these groups, while AMOVA identified 
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most of the molecular variance within the groups. Farmer exchange of 
varieties along and among rivers probably explains the lack of structure. 
Although the manioc AGB of Embrapa Amazônia Ocidental contains 
abundant genetic diversity, no differentiation was found between the 
groups studied.
Key words: Germplasm; Genetic diversity; Microsatellites; 
Bitter and sweet manioc
INTRODUCTION
Manioc (Manihot esculenta Crantz) is currently the fifth most important food crop 
in the world, consumed primarily in tropical regions, and is the major staple food for more 
than 800 million people (Lebot, 2009; FAO, 2012). In the most recent FAO statistics, Brazil 
is the fifth largest producer of manioc in the world (FAOSTAT, 2014). The northern region 
of Brazil ranks first in production, and manioc culture is one of the main sources of regional 
farmer income (IBGE - Instituto Brasileiro de Geografia e Estatística, 2015). Most manioc 
production is processed in the form of commercial flour and starch, while the rest is consumed 
as homemade foods, such as cooked roots and tucupi.
The domestication of manioc started in southwestern Amazonia, and divergent 
selection pressures led to two groups of varieties: sweet and bitter (Olsen and Schaal, 2001; 
Schaal et al., 2006; Mühlen et al., 2013). In Brazil, these varieties are known as macaxeira, 
aipim, sweet manioc, bitter manioc, industrial manioc, or simply manioc. The groups are not 
phenotypically differentiated but differ in the levels of cyanogenic glycosides produced in 
fresh roots. Those with less than 100 mg/kg are considered sweet varieties, while those with 
more than 100 mg/kg are classified as bitter varieties (McKey et al., 2010).
The traditional agriculture practiced by family farmers maintains or increases genetic 
diversity through the cultivation of different varieties (Ferguson et al., 2012), as well as the 
occasional incorporation of seedlings (Duputié et al., 2009), and informal exchange of cuttings 
among farmers (Emperaire and Peroni, 2007). These practices may contribute to the creation 
of population genetic structure due to different preferences in different regions, and seedling 
incorporation and exchange can reduce structure.
Embrapa created regional germplasm banks to conserve and support the use of the 
genetic diversity of manioc in breeding programs, always based initially on local varieties. 
The evaluation of agro-morphological and genetic diversity of these accessions is important 
to understand the extent of genetic variability, which is a prerequisite for plant breeding. 
Genetic diversity is analyzed in germplasm collections, both to complement morpho-agronomic 
characterization and to answer questions about the genetic relationships among accessions 
(Sousa et al., 2009). Oliveira-Silva et al. (2014) developed inter-retrotransposon-amplified 
polymorphism markers for manioc and indicated that these markers were efficient in estimating 
the genetic diversity of three samples from Amazonas State. They also concluded that these 
markers were informative for variety discrimination in manioc. However, simple sequence 
repeats (SSRs) have the additional advantage of being a very informative codominant marker 
for genetic population analyses (Kalia et al., 2011), and have been used in numerous studies of 
genetic diversity and structure in Brazilian manioc varieties (Alves-Pereira et al., 2011; Siqueira 
et al., 2011; Mühlen et al., 2013; Costa et al., 2013). Advances in genotyping with microsatellites 
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or SSRs have facilitated the quantification of genetic diversity and the identification of genotypes 
with specific loci in many GenBanks (Aiemnaka et al., 2012; Paiva, 2013).
The aim of this study was to characterize the genetic diversity of the Manioc Active 
Germplasm Bank (AGB) at Embrapa Amazônia Ocidental using microsatellite markers to 
assess the genetic diversity and structure of accessions among and within the main river basins 
of Brazilian Amazonia, primarily in the State of Amazonas.
MATERIAL AND METHODS
Plant material
Four hundred and seventy manioc accessions from the AGB of Embrapa Amazônia 
Ocidental were evaluated. Passport data that could help to identify patterns in the genetic 
structure analysis were used to categorize the accessions: 382 accessions from 38 locations 
were identified in five river basins: Solimões, Purus, Madeira, Negro, and Amazon Rivers 
(Figure 1). It is worth mentioning that one of the locations (Santa Izabel do Rio Negro) 
belongs to the Marauiá River, one of the tributaries of the Negro River right bank, and 
therefore, it was allocated in the Negro River basin. The 88 remaining accessions, introduced 
from other locations, were not attributed to river basins. In the AGB, 188 accessions have 
passport information that permits their classification as bitter manioc (111) and sweet 
manioc (77) varieties.
Figure 1. Map with the 38 locations in the Brazilian Amazon basin that supplied accessions to the manioc Active 
Germplasm Bank at Embrapa Amazônia Ocidental.
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DNA extraction
Genomic DNA was extracted using the cationic detergent CTAB 2% protocol (Doyle 
and Doyle, 1987) in the Molecular Biology Laboratory at Embrapa Amazônia Ocidental. The 
DNA was quantified by spectrophotometry NanoDrop 1000 (Thermo Scientific) and 0.8% 
agarose gel electrophoresis to verify concentration and purity.
SSR genotyping
Ten microsatellite loci were used: GAGG5, GA12, GA126, GA131, GA134, 
GA136, GA140 were designed and described by Chavarriaga-Aguirre et al. (1998), and 
SSRY13, SSRY89, and SSRY164 by Mba et al. (2001) (Table 1). Amplification reactions 
were carried out with a final volume of 15 µL, containing 0.4 mM dNTPs, 0.2-0.3 µM of 
each primer, 1X buffer [500 mM KCl, 100 mM Tris-HCl (pH 9.0 at 25°C), 15 mM MgCl2, 
1% Triton X-100], 1 U Taq DNA polymerase (GenScript), and 50 ng DNA. Amplification 
was performed in a Veriti thermocycler (Applied Biosystems) with an initial denaturation 
at 94°C for 3 min followed by 40 cycles of 94°C for 30 s, 58°-61°C for 30 s (depending 
upon annealing temperature of the primers), 72°C for 30 s and a final extension at 72°C for 
30 min. The quality of the fragments was verified on 2% agarose gel. Each forward primer 
was fluorescently labeled with FAM, allowing analysis by capillary electrophoresis in a 
Genetic Analyser 3500 (Applied Biosystems) using GeneScanTM 600 LIZ as an internal 
marker to infer the size of the alleles, and the data were analyzed using the GeneMapper v. 
4.1 software (Applied Biosystems).
Data analysis
The genetic diversity parameters (Nei, 1987), the number of alleles and observed 
and expected heterozygosities, were estimated using ARLEQUIN v. 3.5 (Excoffier and 
Lischer, 2010). The polymorphism information content (PIC) was calculated with Cervus v. 
3.0 (Kalinowski et al., 2007), while the fixation and Shannon indexes were estimated using 
GenAlex 6.5 (Peakall and Smouse, 2012).
The genetic structure of plant accessions was evaluated by dispersion analysis and 
clustering of accessions. Principal coordinate analysis (PCoA) is a method for exploring and 
visualizing data similarities or dissimilarities and was performed using GenAlex 6.5 (Peakall 
and Smouse, 2012). The Structure software v. 2.3.1 (Pritchard et al., 2000) was used for 
Bayesian inferences of the number of clusters that best fits the genotypes based on the ΔK 
values described by Evanno et al. (2005). For every K number of clusters, with K ranging from 
1 to 10, 20 repetitions were run with no prior population information, considering the model 
with correlated allele frequencies (admixture model), with 100,000 Markov Chain Monte 
Carlo iterations and a burn-in period with 200,000 iterations.
Analysis of molecular variance (AMOVA) was performed as described by 
Excoffier et al. (1992) in the GenAlex 6.5 software package (Peakall and Smouse, 2012) 
to estimate the genetic differentiation among the groups. The dendrogram of Nei et al. 
(1983)’s genetic distances among the 470 accessions, calculated in Populations v.1.2.32 
(Langella, 1999), was generated in MEGA v.6 (Tamura et al., 2013) using the neighbor-
joining algorithm.
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RESULTS
SSR markers
One hundred and thirteen alleles were detected in the 470 accessions of the Manioc 
AGB with the 10 SSR loci used, with an average of 11.3 per locus, and a minimum of four 
and a maximum of 21 alleles per locus (Table 1). The overall genetic diversity as measured by 
the observed and expected heterozygosity was high in all loci, except for SSRY89. The PIC 
ranged from 0.35 to 0.84, with low values for GA134, SSRY89, and GAGG5, indicating that 
most markers are very informative.
Table 1. Characteristics of the 10 SSR loci analyzed in 470 AGB accessions, including annealing temperature 
(Ta), allele size range in base pairs (Ar), the number of alleles per locus (NA), observed heterozygosity (HO), 
expected heterozygosity (HE), and polymorphism information content (PIC).
1Primers developed by Chavarriaga-Aguirre et al. (1998); 2Primers developed by Mba et al. (2001).
Locus Ta Ar (bp) NA HO HE PIC 
GAGG51 60° 114-123 6 0.523 0.509 0.438 
GA121 59° 131-142 9 0.579 0.790 0.764 
GA1261 60° 176-214 14 0.745 0.829 0.816 
GA1311 59° 92-123 21 0.781 0.860 0.848 
GA1341 58° 307-325 4 0.397 0.414 0.355 
GA1361 59° 139-153 10 0.600 0.689 0.653 
GA1401 58° 146-169 9 0.723 0.781 0.748 
SSRY132 58° 192-236 20 0.455 0.844 0.835 
SSRY892 58° 98-118 5 0.175 0.426 0.385 
SSRY1642 60° 152-184 15 0.480 0.681 0.680 
Mean   11.3 0.546 0.682 0.652 
 
Genetic diversity and structure analysis
The Bayesian simulations identified two groups (K = 2). Neither group had a 
predominance of bitter or sweet varieties, although group I (N = 135) had 29 bitter varieties, 
55 sweet varieties, and 51 accessions with no information, while group II (N = 247) had 50 
bitter varieties, 13 sweet varieties, and 184 accessions with no information. The other 88 
accessions, which had probabilities lower than 80% (Q < 0.80) to belong to one of the two 
groups, were considered admixed individuals, including 14 sweet, 38 bitter, and 26 with no 
information (Figure 2). At K = 3, K = 5, and K = 7, which had ΔKs suggesting some structure, 
there was no indication that this sub-structure could be attributed to either river basin or types 
of sweet or bitter varieties within river basins (data not shown).
Figure 2. Genetic structure using Bayesian simulation with 470 manioc accessions from the AGB at Embrapa 
Amazônia Ocidental with K = 2 groups, ordered according to the probability value Q.
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In the PCoA with all accessions, the dispersion generally agreed with the groups 
identified by Structure at K = 2 (Figure 3A). However, considering only the 188 accessions 
discriminated as bitter or sweet varieties, the PCoA was less clear (Figure 3B), although the 
majority of the sweet varieties were on one side and the majority of the bitter on the other. The 
accumulated variation in the first two principal coordinates in the two PCoA was small and 
slightly different, 17.84 and 22.25%, respectively.
Figure 3. Graphic representation of the dispersion of genetic diversity of 470 AGB manioc accessions using 
principal coordinate analysis (PCoA) based on 10 SSR loci. A. Accessions according to the groups identified by 
Structure (red - Group I; green - Group II; blue - admixed individuals). B. Comparison of 188 accessions of sweet 
(red) and bitter (green) varieties according to their passport information.
The genetic diversity parameters estimated for the groups defined by Structure were 
similar (Table 2), except for the number of private alleles in Group II (19 alleles). The Shannon 
diversity index of the three groups ranged from 1.331 to 1.464. Those estimated for groups of 
accessions organized by river basins were somewhat less similar, with the lowest mean observed 
heterozygosity for the Solimões River (0.51) and the highest mean expected heterozygosity 
for the Negro River (0.71), which also has the highest mean fixation index (0.22). The highest 
Shannon index (1.514) was found for the Madeira River. The same genetic diversity parameters 
estimated for the bitter and sweet varieties again yielded similar means between the two groups, 
with more private alleles (21) and higher fixation index (0.21) for the bitter varieties.
Table 2. Genetic parameters of groups of accessions maintained in the manioc Active Germplasm Bank of 
Embrapa Amazônia Ocidental grouped by Structure (K = 2; with admixture defined as Q < 80%), river basin, 
and sweet and bitter varieties.
N = number of accessions; NA = mean number of different alleles; Ap = private alleles; HO = mean observed 
heterozygosity; HE = mean expected heterozygosity; F = mean fixation index; I = mean Shannon index. *Significant 
at P < 0.05.
Groups N NA Ap HO HE F I 
Structure Group I 135 7.2 3 0.530 0.652 0.169* 1.331 
Group II 247 10.1 19 0.553 0.643 0.116* 1.436 
Admixture 88 8.7 6 0.550 0.663 0.185* 1.464 
River basin Solimões River 113 8.2 2 0.515 0.658 0.213* 1.415 
Purus River 17 6.3 1 0.567 0.642 0.142* 1.354 
Madeira River 118 9.5 6 0.578 0.688 0.160* 1.514 
Negro River 21 6.6 1 0.550 0.709 0.239* 1.498 
Amazon River 113 8.3 5 0.536 0.646 0.150* 1.414 
Not identified 88 8.7 2 0.548 0.681 0.217* 1.505 
Varieties Sweet manioc 77 7.5 7 0.545 0.648 0.147* 1.344 
Bitter manioc 111 8.9 21 0.538 0.671 0.209* 1.471 
 Overall 470 11.3 - 0.546 0.682 0.202* 1.528 
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AMOVA showed high genetic divergence among groups defined by Structure 
(without the admixed individuals), much less divergence among the sweet and bitter varieties 
(defined by passport data), and small divergence among river basins (without the not identified 
accessions) (Table 3).
Table 3. Three hierarchical molecular analyses of variance of accessions in the manioc Active Germplasm Bank 
at Embrapa Amazônia Ocidental based on the different criteria for defining groups used in Table 2.
d.f. = degrees of freedom; SS = sum of squares; MS = mean squares; χ2 = variance estimation.
Groups Source of variance d.f. SS MS χ2 % 
Structure Between groups 1 304.101 304.101 1.698 18 
(K = 2, without admixed group) Within groups 380 2851.982 7.505 7.505 82 
River basins Among rivers 4 117.888 29.472 0.310 4 
(without not identified accessions) Within rivers 377 3011.196 7.987 7.987 96 
Varieties Between varieties 1 53.700 53.700 0.504 6 
(sweet and bitter) Within varieties 186 1471.747 7.913 7.913 94 
 
Genetic relationships among accessions
Using the neighbor-joining algorithm and Nei et al. (1983)’s  genetic distance among 
470 manioc accessions, we could not identify structuring related to bitter and sweet varieties 
or to river basins (Figure 4).
Figure 4. Relationships among 470 manioc accessions in the neighbor-joining dendrogram based on Nei et al. 
(1983)’s  genetic distances estimated with 10 SSR loci. A branch represents an accession and colors represent river 
channels: Yellow - Amazon River; Green - Solimões River; Red - Madeira River; Pink - Negro River; Gray - Purus 
River; and blue - not classified to a river.
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DISCUSSION
Previous genetic studies found high genetic diversity into cultivated M. esculenta in 
different regions of Brazil (Elias et al., 2004; Peroni et al., 2007; Siqueira et al., 2011; Mühlen 
et al., 2013). High genetic heterozygosity values have been confirmed even in countries outside 
of the area of domestication of manioc, such as in Puerto Rico (Montero-Rojas et al., 2011), 
Uganda (Turyagyenda et al., 2012), and Thailand (Fu et al., 2014). In this study, ample genetic 
diversity was found among the 470 accessions from the manioc AGB at Embrapa Amazônia 
Ocidental. Overall, the genetic parameters estimated were closer to those presented by Mühlen 
et al. (2013), who analyzed 494 varieties from Amazonia and other Brazilian regions, using 
nine SSR loci, six of which we used. For example, the mean number of alleles per locus in this 
study was 11.3, while Mühlen et al. (2013) found 9.9 alleles per locus. Likewise, the observed 
and expected heterozygosities of 0.546 and 0.682 were quite similar to those estimated by 
Mühlen et al. (2013), who had means of 0.595 and 0.650, respectively.
These results are consistent with the management of high varietal diversity in traditional 
farming systems of manioc since manioc is allogamous and produces seedlings that contribute 
to varietal diversity when farmers select these seedlings for vegetative propagation and planting 
(Pujol et al., 2005, 2007). In addition, genetic diversity can also be the result of migration that 
occurs due to variety exchange among neighbors, friends, and relatives, which is very common 
in the system of traditional agriculture (Pujol et al., 2005; Sardos et al., 2008; Costa et al., 2013).
The simulations by Structure (K = 2) and dendrogram analyses showed no clear 
correspondence with river basins. The geographic pattern was considered a minor cause of 
genetic structure in earlier studies on genetic diversity of traditional manioc varieties (Elias 
et al., 2004; Siqueira et al., 2011). However, Mühlen et al. (2013) identified some geographic 
structure at K = 3 and K = 4, although these were less significant than the K = 2 sweet-bitter 
dichotomy, which was also observed by Elias et al. (2004). Based on the pattern of dispersion in 
PCoA of the groups identified by Structure and of the 188 varieties characterized by the levels 
of cyanogenic glycosides using available passport data, we found weak sweet-bitter structure, 
although errors in the passport identification, partial chemical characterization of manioc 
accessions and mixture during clonal multiplication (on farm and ex situ) may contribute to 
this. Bradbury et al. (2013) also showed, in African varieties, the occurrence of hybridization, 
incorrect passport data, and misidentification of sweet or bitter varieties by farmers.
Within varieties, Mühlen et al. (2013) distinguished sweet manioc in the Cerrado from 
other sweet varieties at K = 3 and two groups of bitter varieties, one of which was composed 
almost exclusively of varieties from the upper Negro River basin, and the other with varieties 
from all other regions of Brazil at K = 4. The small number of accessions from Negro River in 
our study (20) is certainly the reason why we did not detect something similar, although our 
sample did not permit an examination of structure outside of the State of Amazonas.
We had expected to find some geographical genetic structure associated with river 
basins because the exchange of cuttings occurs more between neighboring smallholders than 
between more distant smallholders (Emperaire and Peroni, 2007; Kawa et al., 2013). However, 
no such structure was observed, possibly due to lack of geographical barriers in the network of 
interchange of genetic material among manioc farmers in the Amazon basin. The migration of 
human populations is one among the possible reasons for closer resemblance among varieties 
across regions (Siqueira et al., 2011). Moreover, manioc farmers enjoy diversity and eagerly 
acquire new landraces (Elias et al., 2004).
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Hence, the lack of significant genetic structure in the manioc AGB at Embrapa Western 
Amazonia can probably be attributed to a combination of factors, including administrative (incomplete 
and possibly erroneous documentation), genetic (hybridization and incorporation of hybrids), and 
social factors, especially the extensive exchange of varieties among traditional farmers.
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